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People are clever...
Surprising that most precise measurement of W-mass performed 
with a hadron collider

2

New World Average 

28th March 2012 17 

With the two new 

Tevatron results! 

All results are re-

weighted to the 

same W width value 

Thomas Riddick 

10 MeV from 

PDFs 

New Indirect Higgs 

Constraint (95% CL):  

� 

m
H

< 152 GeV

New World Average 

28th March 2012 17 

With the two new 

Tevatron results! 

All results are re-

weighted to the 

same W width value 

Thomas Riddick 

10 MeV from 

PDFs 

New Indirect Higgs 

Constraint (95% CL):  

� 

m
H

< 152 GeV

Integrated Luminosity    (/pb)
10 210 310 410

W
 M

a
s

s
 P

re
c

is
io

n
 (

M
e

V
)

0

50

100

150

200

250

300

Run1a (e)

)µRun1a (e+

Run1 (e)

)µRun1 (e+ )µRun2 (e+
Run2 (e)

, prelim.)µRun2 (e+

CDF
D0

Tevatron Single Experiment Sensitivity



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

Snowmass Energy Frontier 4/4/2013Day in 2012
26/03 31/05 06/08 11/10 17/12

]-1
To

ta
l I

nt
eg

ra
te

d 
Lu

m
in

os
ity

 [f
b

0

5

10

15

20

25

30  = 8 TeVs     ATLAS Online Luminosity
LHC Delivered

ATLAS Recorded

-1Total Delivered: 23.3 fb
-1Total Recorded: 21.7 fb

Prospects for the end of the year and beyond

3

Moriond/Aspen
(not fully analyzed)for HCP

Discovery!



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

NYU Colloquium, Oct. 4, 2012

Standard Model Higgs Properties
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Production and Decay of the Standard Model Higgs @ the LHC
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have

small rate, but can provide trigger independent of H decay

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 10)
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Gluon fusion: produced with little pT
Vector boson fusion: hard jets, high pT
Associated: extra handle from leptons
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.

114



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

NYU Colloquium, Oct. 4, 2012

Many decays accessible at 126 GeV
bb dominates, but is difficult
γγ small, but clean

Standard Model Higgs Properties

4

Production and Decay of the Standard Model Higgs @ the LHC

t, b H

W, Z H

W, Z W, Z

H

t̄, b̄

H

t, b

M. Spira Fortsch. Phys. 46 (1998)

σ(pp→H+X) [pb]

√s = 14 TeV

M
t
 = 175 GeV

CTEQ4M

gg→H

qq→Hqq
qq

_
’→HW

qq
_
→HZ

gg,qq
_
→Htt

_

gg,qq
_
→Hbb

_

M
H

 [GeV]

0 200 400 600 800 1000
10

-4

10
-3

10
-2

10
-1

1

10

10
2

- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have

small rate, but can provide trigger independent of H decay

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 10)

Kyle Cranmer

Brookhaven National Laboratory

outin

 [GeV] HM
100 200 300 400 500 1000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

-210

-110

1

10
= 7 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.

114

 [GeV]HM
100 120 140 160 180 200

Br
an

ch
ing

 ra
tio

s

-310

-210

-110

1
bb

ττ

cc

gg

γγ γZ

WW

ZZ

LH
C 

HI
GG

S 
XS

 W
G 

20
10

Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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Preliminary ATLAS

• Syst partially correlated

– 4µ in ZZ, → muon systema-

tics

– γγ affected only by

e/gamma systematics

– 4e + 2e2µ give correlated

electron component

MASS 7. MARCH 14, 2013

Mass Measurement

Mass measurements updated in high resolution channels
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Nicholas Wardle - Imperial College London , On Behalf of the CMS Collaboration 8

~2.4σ discrepancy
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~2.4σ discrepancy

Dixon & Siu: hep-ph/0302233 
σ change due to (2-loop) 
interference of continuum

S. Martin arXiv:1208.1533
shift of mass peak ~100 MeV
(assuming SM Higgs)
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FIG. 3: Diphoton invariant mass distributions with a Gaussian mass resolution of width σMR = 1.7 GeV.
In each panel, the right (red) curve includes only the Higgs contribution without interference, and the left
(blue) curve also includes the interference contribution from Figure 2. The right panel is a close-up of the
left panel.

paper. The background levels are subject to significant higher order corrections [40–44], and in

practice are obtained by the experimental collaborations using a sideband analysis of fitting to the

falling background shape away from the Higgs peak. This fitting of the lineshape to background

plus signal will be affected by the slight surplus (deficit) of events below (above) MH , depending

on exactly how the fit is done.

One simplistic way to estimate the shift is to take a mass window |Mγγ − Mpeak| < δ, where

Mpeak is the invariant mass at the maximum of the distribution, and δ is supposed to be large

enough to include most of the excess events over background in the peak, and then compute

Nδ =

∫ Mpeak+δ

Mpeak−δ
dMγγ

dσ

dMγγ
, (17)

〈Mγγ〉δ =
1

Nδ

∫ Mpeak+δ

Mpeak−δ
dMγγ Mγγ

dσ

dMγγ
. (18)

Now

∆Mγγ ≡ 〈Mγγ〉δ, total − 〈Mγγ〉δ, no interference (19)

is a theoretical measure of the shift due to including the interference. For small δ (∼< 1 GeV), ∆Mγγ

is essentially just the shift in the maximum point of the distribution after subtracting background,

which does not correspond to an experimentally well-measured quantity. However, one can see

from Figure 3 that including a wider window, which should be more similar to the methods used to

determine MH by the experimental collaborations, will give a larger shift. In fact, the magnitude

of the shift ∆Mγγ actually grows approximately linearly with δ for all δ ∼> 2σMR, due to the long

http://arxiv.org/pdf/1208.1533.pdf
http://arxiv.org/pdf/1208.1533.pdf
http://arxiv.org/pdf/1208.1533.pdf
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electron component
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paper. The background levels are subject to significant higher order corrections [40–44], and in

practice are obtained by the experimental collaborations using a sideband analysis of fitting to the

falling background shape away from the Higgs peak. This fitting of the lineshape to background

plus signal will be affected by the slight surplus (deficit) of events below (above) MH , depending

on exactly how the fit is done.

One simplistic way to estimate the shift is to take a mass window |Mγγ − Mpeak| < δ, where

Mpeak is the invariant mass at the maximum of the distribution, and δ is supposed to be large

enough to include most of the excess events over background in the peak, and then compute

Nδ =

∫ Mpeak+δ
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, (17)
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Now

∆Mγγ ≡ 〈Mγγ〉δ, total − 〈Mγγ〉δ, no interference (19)

is a theoretical measure of the shift due to including the interference. For small δ (∼< 1 GeV), ∆Mγγ

is essentially just the shift in the maximum point of the distribution after subtracting background,

which does not correspond to an experimentally well-measured quantity. However, one can see

from Figure 3 that including a wider window, which should be more similar to the methods used to

determine MH by the experimental collaborations, will give a larger shift. In fact, the magnitude

of the shift ∆Mγγ actually grows approximately linearly with δ for all δ ∼> 2σMR, due to the long

Does this give a handle on 
total width or complex 
phases from new physics?
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have

small rate, but can provide trigger independent of H decay

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 10)
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Brookhaven National Laboratory

difficultnot yetdone
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Details
Channels are sub-divided to enhance sensitivity either for 
experimental reasons or take advantage of production features

7

March 8, 2013 – 16 : 11 DRAFT 3

For each analysis category (k) the number of signal events (nk
signal) is parametrized as:60

nk
signal =



∑

i

µiσi,SM × Ak
i f × εk

i f


 × µ f × Bf ,SM ×Lk (1)

where A represents the detector acceptance, ε the reconstruction efficiency andL the integrated luminos-61

ity. The number of signal events expected from each combination of production and decay is scaled by62

the corresponding product of µiµ f , with no change to the distribution of kinematic or other properties.63

This parametrization generalizes the dependency of the signal yields on the production cross sections64

and decay branching fractions, allowing for a coherent variation across several channels. This approach65

is also general in the sense that it is not restricted by any relationship between production cross sections66

and branching ratios. The relationship between production and decay in the context of a specific theory67

or benchmark is achieved via a parametrization of µi, µ f → f (κ), where the κ are the parameters of the68

theory or benchmark under consideration as defined in Section 5. In the simplest cases the product µiµ f69

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding Refs. reported in the last column. For the determination of
the combined signal strength µ in Section 4 the inclusive H→ZZ(∗)→ 4# analysis [8] is used.

Higgs Boson Subsequent Sub-Channels
∫

L dt Ref.Decay Decay [fb−1]

2011
√

s =7 TeV
H → ZZ(∗) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag} 4.6 [8]

H → γγ – 10 categories 4.8 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF}
H → WW (∗) #ν#ν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H → ττ
τlepτlep {eµ} ⊗ {0-jet} ⊕ {##} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 4.6
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 4.6 [10]
τhadτhad {1-jet, 2-jet} 4.6

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 4.6
W → #ν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7 [11]
Z → ## pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV
H → ZZ(∗) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag}} 20.7 [8]

H → γγ – 14 categories 20.7 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF} ⊕ {#-tag, Emiss
T -tag, 2-jet VH}

H → WW (∗) #ν#ν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H → ττ
τlepτlep {##} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 13
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 13 [10]
τhadτhad {1-jet, 2-jet} 13

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 13
W → #ν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13 [11]
Z → ## pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13
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Signal strength
Global combined µ scales all modes w.r.t. SM expectation
‣ good for discovery, but a blunt instrument for probing deviations

Several goodness-of-fit tests - depend on #d.o.f. considered
‣ Individual μi compatible with combined μ at 13% (and μ=1 at 8%)
‣ Combined μ compatible with µ = 1 within 9%
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H → ττ 0.8± 0.7
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• Global combined µ scales all modes wrt SM

– But not a well motivated BSM scenario!

• Individual µ̂i compatible with combined µ̂ at 13%, and with µ = 1 at 8%

• Combined µ̂ compatible with µ = 1 within 9%
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different processes and is equal to 0.643. It is dominated by the contribution of the gluon fusion process,

thus valid for isolated photons.

The following sources of uncertainty on the CH factor have been considered (see Section 6.1): pho-

ton identification (2.4%), energy scale (0.25%), isolation (1%) and trigger (0.5%). The influence of the

modelling of the Higgs boson transverse momentum was checked with HqT2 [71] and found to be neg-

ligible. The effects of the factorisation and renormalisation scales, PDF and underlying event were also

checked and found to be below 0.2%; they are thus neglected. The CH factor depends weakly on the

mass. It is computed for a mass of 125 GeV while the cross section is computed for 126.8 GeV. The

difference, of the order of 0.1%, is neglected. The total uncertainty on the CH factor is therefore 2.7%,

and the total systematic uncertainty on the fiducial cross section is 11.5%.

The measured fiducial cross section times the branching ratio to the two photons decay mode is:

σfid × BR = 56.2 ± 10.5(stat) ± 6.5(syst) ± 2.0(lumi) fb

This result is compatible with the SM Higgs signal prediction measured using the same sample.

8 Conclusions

Measurements of the properties of the new observed boson were performed in the H → γγ channel with
the ATLAS experiment at the LHC using 20.7 fb−1 of pp collision data recorded between April and

December 2012 at a centre-of-mass energy of 8 TeV. These results were combined with those obtained

using 4.8 fb−1 of data recorded in 2011 at 7 TeV.

– An excess of events is observed with a local significance of 7.4 σ,

– The measured mass of the boson is 126.8 ± 0.2(stat) ± 0.7(syst) GeV,

– The signal strength is 1.65+0.24−0.24(stat)
+0.25
−0.18(syst) times the SM expectation for mH = 126.8 GeV

which corresponds to a 2.3 σ deviation from the SM prediction,

– An excess with local significance 2.0 σ is observed for the VBF production mode alone for a mass
of 126.8 GeV,

– The signal strengths for the different production modes are:

µggF+ttH × B/BSM = 1.6+0.3−0.3(stat)
+0.3
−0.2(syst)

µVBF × B/BSM = 1.7+0.8−0.8(stat)
+0.5
−0.4(syst)

µVH × B/BSM = 1.8+1.5−1.3(stat)
+0.3
−0.3(syst)

The fiducial cross section times branching ratio to the two photon decay mode, defined for the kine-

matic range E
γ1
T
> 40 GeV, Eγ2

T
> 30 GeV and |ηγ| < 2.37, and measured using 20.7 fb−1 of data at√

s = 8 TeV, is 56.2 ± 10.5(stat) ± 6.5(syst) ± 2.0(lumi) fb.
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contributes relatively little to the sensitivity.

The modified frequentist method known as CLs [75, 76] is used to compute 95% confidence level

(CL) exclusions and the p0 value. The method uses a test statistic qµ, a function of µ that depends on

the profiled values θ̂µ, θ̂, and µ̂: qµ =−2 ln
(

L(µ; θ̂µ)/L(µ̂; θ̂)
)

. The denominator does not depend on µ.

The quantities µ̂ and θ̂ are the values of µ and θ, respectively, that unconditionally maximise L. The
numerator depends on the values θ̂µ that maximise L for a given value of µ. For the limit calculation
the range of µ̂ is restricted, 0≤ µ̂≤ µ, so that the results are physical.
The p0 value, the probability to obtain a value of q0 larger than the observed value under the

background-only hypothesis, is computed with qµ evaluated at µ= 0. The µ̂ is allowed to be negative,

and the correponding q0 also becomes negative, to be able to quantify downward fluctuations.

The combined results for the 7 and 8 TeV data account for the correlations between the analyses

due to common systematic uncertainties. The correlation of all respective nuisance parameters is

assumed to be 100% except for those that are statistical in origin or have a different source for the two

datasets. Uncorrelated systematics include the statistical component of the jet energy scale calibration

and the luminosity uncertainty. The W+ jets systematic uncertainty, and all theoretical uncertainties,

are treated as correlated.

In the following sections, the results are reported with the signal significance in units of standard

deviation (s.d.) and the corresponding p0 value, the 95% CL exclusion curves, the signal strength

parameter µ, and a two-dimensional plot of µ vs. mH .

7.3 Combined 7 and 8 TeV results

The expected and observed results are given for 7 and 8 TeV data combining the jet multiplicities. The

expected signficance of the signal with mH = 125GeV is 3.7 s.d. (p0 = 1× 10−4). The corresponding
observed signficance is 3.8 s.d. (p0 = 8× 10−5), but the highest value of 4.1 s.d. (p0 = 2× 10−5) occurs
at mH = 140GeV. Figure 10a shows that the p0 curve is flat around mH = 125GeV due to limited mass

resolution. Figure 10b shows that a Standard Model Higgs boson is expected to be excluded at 95%

CL down to a mass of mH = 119GeV. The observed exclusion is for mH > 133GeV.

The excess of events is quantified for a signal at mH = 125GeV by

µobs = 1.01± 0.21 (stat.)± 0.19 (theo. syst.)± 0.12 (expt. syst.)± 0.04 (lumi.)
= 1.01± 0.31.

Table 13 lists the sources of the uncertainties on µ. The dominant systematic uncertainty is the

theoretical uncertainty on the WW background normalisation. Another important contribution is the

experimental systematic uncertainty, which is dominated by contributions from the b-tagging effi-

ciency and the jet energy scale and resolution (See Table 12). A significant contribution comes from

the normalisation of the signal yield including the uncertainty on the cross section and the branching

ratio. This uncertainty has an asymmetric effect on µ, even though the uncertainty on σSM is close

to symmetric, because σSM appears in the denominator of µ. This uncertainty is reduced compared

to the yield uncertainties as shown in Table 12 on the Njet = 0, = 1, and ≥ 2 modes because the anti-
correlated components mostly cancel. Figure 11a shows that the observed µ vs. mH is consistent with

the expected distribution in the presence of a signal; the µ increases at lower values of mH due to the

decreasing expected σ · B for the signal. Figure 11b shows a scan of the likelihood in the µ-mH plane;
the H→WW(∗)→ #ν#ν result is compared to that of H→ZZ(∗)→4# [77] and H→γγ [78].
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Di-jet Tagged EventDi-jet Tagged Event
Mγγ = 121.9 GeV
E
T
(γ1) = 193.9 GeV

E
T
(γ2) = 78.0 GeV

η(γ1) = -0.405
η(γ2) = 0.037
M
jj
 = 1460 GeV

E
T
(j1) = 288.8 GeV

E
T
(j2) = 189.1 GeV

η(j1) = -2.022
η(j2) = 1.860

Uses of Multivariate Methods

Complex final state of VBF H → WW → llEmiss
T well-suited for multivariate methods

Used 7 variables:
∆ηll, ∆φll, Mll, ∆ηjj, ∆φjj, Mjj, MT

Compared Neural Networks, Genetic Program-
ming, and Support Vector Regression

q

q

W

W

H
W+

W−

ν

l+

l−

ν̄

Ref. Cuts low-mH Cuts NN GP SVR
120 ee 0.87 1.25 1.72 1.66 1.44
120 eµ 2.30 2.97 3.92 3.60 3.33
120 µµ 1.16 1.71 2.28 2.26 2.08
Combined 2.97 3.91 4.98 4.57 4.26
130 eµ 4.94 6.14 7.55 7.22 6.59

Table 1: Expected significance in sigma after 30 fb−1 for two cut analyses and three multivariate analyses for
different Higgs masses and final state topologies.

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 25)

Kyle Cranmer
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VBF 2-photon candidate
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VBF 2-photon candidate
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mγγ = 126.9 GeV
Δηjj = 5.6
mjj = 1.67 TeV

About 12 Higgs events expected in VBF-like categories
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VBF H→ 4l candidate

11

1 VBF candidate observed (m4l=123.5 GeV)   [0.7 expected, S/B~5]
no candidates in lepton-tagged categories
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Our SM bias?
ATLAS does not have a Z(→ νν) H(→4l) b/c sensitivity in SM is small

12

m4l=123.5 GeV, ETmiss=121.3 GeV
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Figure 12: The weighted distribution of the invariant mass of diphoton candidates for the combined

7 TeV and 8 TeV data samples. The weight wi for category i from [1, 14] is defined to be ln(1 + S i/Bi),
where S i is the expected number of signal events in a mass window that contains 90% of the signal

events, and Bi is the integral in the same window of a background-only fit.
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Figure 13: The observed signal strength µ for the 14 categories of the 8 TeV data analysis.
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Table 5: Summary of the impact of systematic uncertainties on the signal yields for the analysis of the

8 TeV data.
Systematic uncertainties Value(%) Constraint

Luminosity ±3.6
Trigger ±0.5

Photon Identification ±2.4 Log-normal

Isolation ±1.0
Photon Energy Scale ±0.25

Branching ratio ±5.9% − ±2.1% (mH = 110 - 150 GeV) Asymmetric
Log-normal

Scale ggF: +7.2−7.8 VBF: +0.2−0.2 WH: +0.2−0.6 Asymmetric

ZH: +1.6−1.5 ttH: +3.8−9.3 Log-normal

PDF+αs ggF: +7.5−6.9 VBF: +2.6−2.7 WH: ±3.5 Asymmetric

ZH: ±3.6 ttH: ±7.8 Log-normal

Theory cross section on ggF Tight high-mass two-jet: ±48 Log-normal

Loose high-mass two-jet: ±28
Low-mass two-jet: ±30
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Figure 9: Decomposition of the expected signal from the various production processes for each category

at mH = 126.5 GeV for
√
s = 8 TeV.
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AARON ARMBRUSTER

Signal Parametrization

• Assumptions for properties measurements

– CP even scalar

– Single resonance: same boson in all channels

– Narrow width: (σ × B)(ii→ H → ff) = σii ·
Γff

ΓH

• nk
Signal =

(

∑

µiσi,SM × Ak
if × εkif

)

× µfBf,SM × Lk

– σi = µiσi,SM is the ith hypothesized production cross section

– Bf = µfBf,SM is the f th hypothesized branching fraction

– Detector acceptance Ak
if , reconstruction efficiency εkif , and

integrated luminosity Lk are fixed by above assumptions

• Fixing µ ratios to SM may conceal tension between data and SM

– Separate signal contributions from different modes

SIGNAL PARAMETRIZATION 14. MARCH 14, 2013
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Table 6: Systematic uncertainties on the signal assignment to categories (migration) for the analysis of

the 8 TeV data.

Systematic uncertainties Category Value(%) Constraint

Underlying Event Tight high-mass two-jet ggF: ±8.8 VBF: ±2.0 VH, ttH: ±8.8 Log-normal

Loose high-mass two-jet ggF: ±12.8 VBF: ±3.3 VH, ttH: ±12.8
Low-mass two-jet ggF: ±12 VBF: ±3.9 VH, ttH: ±12

Jet Energy Scale Low pTt ggF: −0.1 VBF: −1.0 Others: −0.1 Gaussian

High pTt ggF: −0.7 VBF: −1.3 Others: +0.4
Tight high-mass two-jet ggF: +11.8 VBF: +6.7 Others: +20.2
Loose high-mass two-jet ggF: +10.7 VBF: +4.0 Others: +5.7
Low-mass two-jet ggF: +4.7 VBF: +2.6 Others: 1.4
Emiss
T
significance ggF: 0.0 VBF: 0.0 Others: 0.0
one-lepton ggF: 0.0 VBF: 0.0 Others: −0.1

Jet Energy Resolution Low pTt ggF: 0.0 VBF: 0.2 Others: 0.0 Gaussian

High pTt ggF: −0.2 VBF: 0.2 Others: 0.6
Tight high-mass two-jet ggF: 3.8 VBF: −1.3 Others: 7.0
Loose high-mass two-jet ggF: 3.4 VBF: −0.7 Others: 1.2
Low-mass two-jet ggF: 0.5 VBF: 3.4 Others: −1.3
Emiss
T
significance ggF: 0.0 VBF: 0.0 Others: 0.0
one-lepton ggF: −0.9 VBF: −0.5 Others: −0.1

η∗ modelling Tight high-mass two-jet: +7.6 Gaussian

Loose high-mass two-jet: +6.2

Dijet angular modelling Tight high-mass two-jet: +12.1 Gaussian

Loose high-mass two-jet: +8.5

Higgs pT Low pTt: +1.3 Gaussian

High pTt: −10.2
Tight high-mass two-jet: −10.4
Loose high-mass two-jet: −8.5
Low-mass two-jet: −12.5
Emiss
T
significance: −2.0
one-lepton : −4.0

Material Mismodelling Unconv: −4.0 Conv: +3.5 Gaussian

JVF Loose High-mass two-jet ggF: −1.2 VBF: −0.3 Others: −1.2 Gaussian

Low-mass two-jet ggF: −2.3 VBF: −2.4 Others: −2.3

Emiss
T

Emiss
T
significance ggF: +66.4 VBF: +30.7 VH, ttH: +1.2 Gaussian

e reco and identification one-lepton: < 1 Gaussian

e Escale and resolution one-lepton: < 1 Gaussian

µ reco, ID resolution one-lepton: < 1 Gaussian

µ spectrometer resolution one-lepton: 0 Gaussian
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Figure 6: The observed local pVBF
0
value for VBF H → γγ production as a function of mH for the

combination of
√
s = 7 TeV and

√
s = 8 TeV data (solid black). The corresponding expected local pVBF

0
value for the SM Higgs boson signal plus background hypothesis are shown by the dashed curve. A

vertical line is drawn at the best-fit mass mH = 126.8 GeV.
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Figure 8: Measured signal strengths µggF+ttH , µVBF and µVH for the different H → γγ production modes,
as well as overall strength µ.

analysis without categories (inclusive analysis) was used since it is less model dependent than the analysis

using categories. Since extrapolation to the full phase space is not considered, these cross sections are

largely unaffected by theoretical uncertainties. The fiducial region is defined, for isolated photons, by the

photon pseudorapidity (|η| < 2.37) and transverse energies (Eγ1
T
> 40 GeV and Eγ2

T
> 30 GeV).

This fiducial cross section times the branching ratio to the two photons decay mode is computed as:

σfid × BR =
Nsignal

CH × Lint
(1)

where:

• Nsignal is the number of signal events extracted from a signal-plus-background fit to the inclusive
mγγ distribution;

• CH is a correction factor for detector effects (including efficiencies for triggering, reconstructing,
and identifying the photons, photon isolation) for photons inside the acceptance;

• Lint is the integrated luminosity.

The number of signal events extracted from the signal-plus-background fit is 748 ± 139 (stat). A
systematic uncertainty of 11.2% on this number is due to the uncertainties on the mass resolution and

background modelling. These uncertainties are treated in the fit as nuisance parameters with Gaussian

constraints.

The CH factor is computed from the Higgs boson Monte Carlo samples and is defined as the ratio

between the total number of generated events passing the final selection requirements after reconstruction

and the total number of generated events within the fiducial acceptance. These factors are determined for

each production mode and differ only by a few percent, except for the ttH process for which the difference

is up to 30%. This difference is due to the additional hadronic activity which affects the photon isolation

cut efficiency. The global CH factor is computed from the cross section weighted contributions from the

17
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in the SM, the individual channels must separate the signal contribution from various production modes.125

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-126

plings between the Higgs and other particles affect both the production and the decay. Furthermore,127

parametrization of these effects is subject to a number of assumptions on the presence or absence of new128

particle states in loop-induced couplings and unobserved decay modes affecting the total width of the129

Higgs boson.130

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-131

sional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production has132

been observed yet, hence the strength factor µggF for gluon fusion production (ggF) and the very small133

contribution of µttH have been grouped together as they scale dominantly with the ttH coupling in the134

SM and are denoted by the common parameter µggF+tt̄H . Similarly, µVBF and µVH have been grouped135

together as they scale with the WH/ZH gauge coupling in the SM and are denoted by the common136

parameter µVBF+VH . The resulting contours for the H→ γγ, H→ZZ(∗)→ 4" and H → ττ channels at137

mH=125.5 GeV are shown in Fig. 2.138
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factor B/BSM, which can be different for all final states.
The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF and VH)
production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to illustrate a deficit of events from the139

corresponding production process. As described in Ref. [12], while the signal strengths may be negative,140

the total probability density function must remain positive everywhere, and hence the total number of141

expected signal+background events has to be positive everywhere. This restriction is responsible for142

the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different143

branching fraction B/BSM, hence a direct combination of the contours from different final states is not144

possible.145
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels and their combination for a Higgs boson mass
hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements from
all three channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the signal
strength µVH is profiled.
The dashed curves show the SM expectation for the combination.

Fig. 4 shows the likelihood as a function of the ratios ρXX/YY , while profiling over the parameters
µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.

 / ZZγγ
ρ

0 0.5 1 1.5 2 2.5 3

Λ
2 

ln
 

0

1

2

3

4

5

6

observed
SM expected

PreliminaryATLAS 
-1Ldt = 4.6-4.8 fb∫ = 7 TeV:  s

-1Ldt = 20.7 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

(a)

 / WWγγ
ρ

0 0.5 1 1.5 2 2.5 3

Λ
2 

ln
 

0

1

2

3

4

5

6

observed
SM expected

PreliminaryATLAS 
-1Ldt = 4.6-4.8 fb∫ = 7 TeV:  s

-1Ldt = 20.7 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

(b)

ZZ / WW
ρ

0 0.5 1 1.5 2 2.5 3

Λ
2 

ln
 

0

1

2

3

4

5

6

observed
SM expected

PreliminaryATLAS 
-1Ldt = 4.6 fb∫ = 7 TeV:  s

-1Ldt = 20.7 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

(c)

Figure 4: Likelihood curves for the relative ratios of branching ratios (a) ργγ/ZZ , (b) ργγ/WW and (c)
ρZZ/WW from pairwise ratios of the H→ γγ, H→ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν channels for a Higgs
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The dashed curves show the SM expectation.

168

Model-independent presentation
Can’t compare contours directly, b/c there is a different BR for axis
But, BR cancels when considering slope in this plane
‣ still sensitive to theory uncertainties (jet veto, ggH+2jet contamination,...)
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in the SM, the individual channels must separate the signal contribution from various production modes.125

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-126

plings between the Higgs and other particles affect both the production and the decay. Furthermore,127

parametrization of these effects is subject to a number of assumptions on the presence or absence of new128

particle states in loop-induced couplings and unobserved decay modes affecting the total width of the129

Higgs boson.130

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-131

sional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production has132

been observed yet, hence the strength factor µggF for gluon fusion production (ggF) and the very small133

contribution of µttH have been grouped together as they scale dominantly with the ttH coupling in the134

SM and are denoted by the common parameter µggF+tt̄H . Similarly, µVBF and µVH have been grouped135

together as they scale with the WH/ZH gauge coupling in the SM and are denoted by the common136

parameter µVBF+VH . The resulting contours for the H→ γγ, H→ZZ(∗)→ 4" and H → ττ channels at137

mH=125.5 GeV are shown in Fig. 2.138
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factor B/BSM, which can be different for all final states.
The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF and VH)
production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to illustrate a deficit of events from the139

corresponding production process. As described in Ref. [12], while the signal strengths may be negative,140

the total probability density function must remain positive everywhere, and hence the total number of141

expected signal+background events has to be positive everywhere. This restriction is responsible for142

the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different143

branching fraction B/BSM, hence a direct combination of the contours from different final states is not144

possible.145

~3σ evidence for VBF Higgs production!
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in the SM, the individual channels must separate the signal contribution from various production modes.125

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-126

plings between the Higgs and other particles affect both the production and the decay. Furthermore,127

parametrization of these effects is subject to a number of assumptions on the presence or absence of new128

particle states in loop-induced couplings and unobserved decay modes affecting the total width of the129

Higgs boson.130

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-131

sional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production has132

been observed yet, hence the strength factor µggF for gluon fusion production (ggF) and the very small133

contribution of µttH have been grouped together as they scale dominantly with the ttH coupling in the134

SM and are denoted by the common parameter µggF+tt̄H . Similarly, µVBF and µVH have been grouped135

together as they scale with the WH/ZH gauge coupling in the SM and are denoted by the common136

parameter µVBF+VH . The resulting contours for the H→ γγ, H→ZZ(∗)→ 4" and H → ττ channels at137

mH=125.5 GeV are shown in Fig. 2.138
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factor B/BSM, which can be different for all final states.
The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF and VH)
production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to illustrate a deficit of events from the139

corresponding production process. As described in Ref. [12], while the signal strengths may be negative,140

the total probability density function must remain positive everywhere, and hence the total number of141

expected signal+background events has to be positive everywhere. This restriction is responsible for142

the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different143

branching fraction B/BSM, hence a direct combination of the contours from different final states is not144

possible.145
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It is nevertheless possible to use their ratio to eliminate the dependence on the branching fraction and146

illustrate the relative discriminating power between ggF+tt̄H and VBF+VH, as well as the compatibility147

of the measurements in each channel. The relevant channels have the following proportionality:148

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ
σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) (3)

σ(qq′ → qq′H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ
σ(qq′ → qq′H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ · µVBF+VH/µggF+tt̄H

where µggF+tt̄H;H→XX is defined as149

µggF+tt̄H;H→XX =
σ(ggF) · BR(H → XX)

σSM(ggF) · BRSM(H → XX)
=

σ(tt̄H) · BR(H → XX)
σSM(tt̄H) · BRSM(H → XX)

(4)

and µVBF+VH/µggF+tt̄H is the parameter of interest of the ratio between VBF + VH and ggF + tt̄H scale150

factors.151

The likelihood as a function of the common ratio µVBF+VH/µggF+tt̄H , while profiling over all param-152

eters µggF+tt̄H;H→XX , is shown in Fig. 3 for the H→ γγ, H→ZZ(∗)→ 4$, H→WW (∗)→ $ν$ν and H → ττ153

channels and their combination. For this combination it is only necessary to assume that the same bo-154

son H is responsible for all observed Higgs-like signals and that the separation of gluon fusion like155

events and VBF like events within the individual analyses and based on the kinematic properties of156

events is valid. The measurements in the four channels as well as the observed combined ratio of157

µVBF+VH/µggF+tt̄H = 1.2+0.7
−0.5 are fully compatible with the SM expectation of unity. The p-value3 when158

testing the ratio of µVBF+VH/µggF+tt̄H = 0 is 0.05% corresponding to a significance against the vanish-159

ing vector boson mediated production assumption of 3.3σ. The ratio of µVBF/µggF+tt̄H , where the signal160

strength µVH of the VH Higgs production process is profiled instead of treated together with µVBF, shows161

the same result of µVBF/µggF+tt̄H = 1.2+0.7
−0.5. The p-value for µVBF/µggF+tt̄H = 0 is 0.09% corresponding162

to a significance against the vanishing VBF production assumption of 3.1σ.163

In another approach the dependence on the individual production µi cancels out when taking the ratio164

of µi × BR within the same production mode. This results in a ratio of relative BRs, ρ defined as:165

ργγ/ZZ =
BR(H→ γγ)

BR(H → ZZ(∗))
× BRSM(H → ZZ(∗))

BRSM(H→ γγ) (5)

where the first term is the ratio of branching ratios and the second term rescales this ratio to SM expec-166

tations. The relevant channels have the following proportionality:167

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · ργγ/ZZ

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H · ργγ/ZZ

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) (6)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

3The p-value and significance are calculated for the test of µVBF+VH/µggF+tt̄H = 0 against the one-sided alternative
µVBF+VH/µggF+tt̄H > 0 using the Profile Likelihood Test Statistic.
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels and their combination for a Higgs boson mass
hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements from
all three channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the signal
strength µVH is profiled.
The dashed curves show the SM expectation for the combination.

Fig. 4 shows the likelihood as a function of the ratios ρXX/YY , while profiling over the parameters
µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.
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Figure 4: Likelihood curves for the relative ratios of branching ratios (a) ργγ/ZZ , (b) ργγ/WW and (c)
ρZZ/WW from pairwise ratios of the H→ γγ, H→ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν channels for a Higgs
boson mass hypothesis of mH = 125.5 GeV.
The dashed curves show the SM expectation.

168

March 8, 2013 – 16 : 11 DRAFT 6

in the SM, the individual channels must separate the signal contribution from various production modes.125

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-126

plings between the Higgs and other particles affect both the production and the decay. Furthermore,127

parametrization of these effects is subject to a number of assumptions on the presence or absence of new128

particle states in loop-induced couplings and unobserved decay modes affecting the total width of the129

Higgs boson.130

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-131

sional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production has132

been observed yet, hence the strength factor µggF for gluon fusion production (ggF) and the very small133

contribution of µttH have been grouped together as they scale dominantly with the ttH coupling in the134

SM and are denoted by the common parameter µggF+tt̄H . Similarly, µVBF and µVH have been grouped135

together as they scale with the WH/ZH gauge coupling in the SM and are denoted by the common136

parameter µVBF+VH . The resulting contours for the H→ γγ, H→ZZ(∗)→ 4" and H → ττ channels at137

mH=125.5 GeV are shown in Fig. 2.138
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factor B/BSM, which can be different for all final states.
The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF and VH)
production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to illustrate a deficit of events from the139

corresponding production process. As described in Ref. [12], while the signal strengths may be negative,140

the total probability density function must remain positive everywhere, and hence the total number of141

expected signal+background events has to be positive everywhere. This restriction is responsible for142

the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different143

branching fraction B/BSM, hence a direct combination of the contours from different final states is not144

possible.145
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µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are
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Narrow width approximation
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No useful direct constraint on total width at LHC
‣ ideally, allow for invisible or undetected partial widths
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‣ Assume no invisible decays
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2 Summary of Higgs boson channels

In order to determine the properties of a physical state such as a Higgs boson, one needs at
least as many separate measurements as properties to be measured, although two or more
measurements can be made from the same channel if different information is used, e.g., total
rate and an angular distribution. Fortunately, the LHC will provide us with many different
Higgs observation channels. In the SM there are four relevant production modes: gluon fusion
(GF; loop-mediated, dominated by the top quark), which dominates inclusive production;
weak boson fusion (WBF), which has an additional pair of hard and far-forward/backward
jets in the final state; top-quark associated production (tt̄H); and weak boson associated
production (WH, ZH), where the weak boson is identified by its leptonic decay. 1

Although a Higgs is expected to couple to all SM particles, not all these decays would be
observable. Very rare decays (e.g., to electrons) would have no observable rate, and other
modes are unidentifiable QCD final states in a hadron collider environment (gluons or quarks
lighter than bottom). In general, however, the LHC will be able to observe Higgs decays
to photons, weak bosons, tau leptons and b quarks, in the range of Higgs masses where the
branching ratio (BR) in question is not too small.

For a Higgs in the intermediate mass range, the total width, Γ, is expected to be small
enough to use the narrow-width approximation in extracting couplings. The rate of any
channel (with the H decaying to final state particles xx) is, to good approximation, given
by

σ(H) × BR(H → xx) =
σ(H)SM

ΓSM
p

·
ΓpΓx

Γ
, (1)

where Γp is the Higgs partial width involving the production couplings and where the Higgs
branching ratio for the decay is written as BR(H → xx) = Γx/Γ. Even with cuts, the
observed rate directly determines the product ΓpΓx/Γ (normalized to the calculable SM value
of this product). The LHC will have access to (or provide upper limits on) combinations of
Γg, ΓW , ΓZ , Γγ , Γτ , Γb and the square of the top Yukawa coupling, Yt. 2

Since experimental analyses are driven by the final state observed, we classify Higgs
channels by decay rather than production mode, and then discuss the different production
characteristics as variants of the final state. However, some initial comments on production
modes are in order. First, experimental studies mostly do not yet include the very large
(N)NLO enhancements known for gg → H [9–11]. Even if background corrections are
as large as for the signal, which they typically are not, the statistical significance of the
GF channels will be greater than estimated by the current studies (which we have used
for this paper). Furthermore, the NNLO calculations may reduce also the theory systematic
uncertainty for the signal. Second, experimental studies do not consider WBF channels above
30 fb−1 integrated luminosity, because the efficiency to tag forward jets at high-luminosity
LHC running is not yet fully understood. This is a very conservative assumption. We also
discuss a scenario where a higher luminosity is available in the WBF channels.

The literature on Higgs channels at LHC is extensive. We refer here only those analyses
which we use in our fits. Mostly, these are recent experimental analyses which contain

1We do not consider diffractive Higgs production since its rate is in general small and also quite uncertain,
which limits the usefulness of this channel for Higgs coupling determinations.

2We do not write this as a partial width, Γt, because, for a light Higgs, the decay H → tt̄ is kinematically
forbidden.

2

bottom quarks. Here we follow a different approach. We perform general fits to the Higgs
couplings with the mildest possible theoretical assumptions, starting with the constraint

ΓV ≤ ΓSM
V (2)

(V = W, Z) which is justified in any model with an arbitrary number of Higgs doublets (with
or without additional Higgs singlets). I.e., it is true for the MSSM in particular.

Even without this constraint, the mere observation of Higgs production puts a lower
bound on the production couplings and, thereby, on the total Higgs width. The constraint
ΓV ≤ ΓSM

V , combined with a measurement of Γ2
V /Γ from observation of H → V V in WBF,

then puts an upper bound on the Higgs total width, Γ. It is this interplay which provides
powerful constraints on the remaining Higgs couplings, allowing for their absolute determi-
nation, rather than simply ratios of their magnitudes.

3.1 Fitting procedure

Our analysis of expected LHC accuracies closely follows the work of Dührssen [7]. First, a
parameter space (x) is formed of Higgs couplings together with additional partial widths to
allow for undetected Higgs decays and additional contributions to the loop-induced Higgs
couplings to photon pairs or gluon pairs due to non-SM particles running in the loops. We
assume that the measured values correspond to the SM expectations for the purpose of
determining statistical uncertainties, then form a log likelihood function, L(x), which, for a
given integrated luminosity, is based on the expected Poisson errors of the channels listed in
Sec. 2 and on estimated systematic errors [7], which are tabulated in the Appendix.

As an alternative, in particular for the specific MSSM scenarios discussed in Sec. 4, we
use a Gaussian approximation to the log likelihood function, i.e., a χ2 function constructed
from the same error assumptions that enter the log likelihood function. We take each of the
channels considered in Ref. [7] as a bin in the χ2. To mimic the effect of Poisson statistics on
channels with low numbers of events, we discard any channel with ≤ 5 total events (signal
plus background) in both approaches. This is relevant only in the case of low luminosity
data. We have checked that the resulting accuracy estimates for coupling measurements are
consistent for the two approaches.

Relative to SM expectations, we compute the variation of either 2L(x) or χ2(x) on this
parameter space and trace out the surface of variations by one unit. The 1σ uncertainties on
each parameter are determined by finding the maximum deviation of that parameter from
its SM value that lies on the ∆χ2 = 1 (∆L = 1/2) surface. We repeat the procedure for
each Higgs mass value in the range 110 ≤ mH ≤ 190 GeV in steps of 10 GeV.

We perform the fits under three luminosity assumptions for the LHC:

1. 30 fb−1 at each of two experiments, denoted 2×30 fb−1;

2. 300 fb−1 at each of two experiments, of which only 100 fb−1 is usable for WBF channels
at each experiment, denoted 2×300 + 2×100 fb−1;

3. 300 fb−1 at each of two experiments, with the full luminosity usable for WBF channels,
denoted 2×300 fb−1.

The second case allows for possible significant degradation of the WBF channels in a high
luminosity environment, while the third case shows the benefits of additional improvements
in WBF studies at high luminosity.

6

�2
V /� = meas ) �vis  �  �2

V,SM/meas

Gunion, Haber, Wudka (1991)

eg. Dührssen et. al, Peskin, ...
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Table 3: Leading order (LO) coupling scale factor relations for Higgs boson cross sections and partial

decay widths relative to the SM as defined in Ref. [25]. For a given mH hypothesis, the smallest set of

degrees of freedom in this framework comprises κW, κZ, κb, κt , and κτ. For partial widths that are not

detectable at the LHC, scaling is performed via proxies chosen among the detectable ones. Additionally,

the loop-induced vertices can be treated as a function of other κi or effectively, through the κg and κγ

degrees of freedom which allow probing for BSM contributions in the loops. Finally, to explore invisible

or undetectable decays, the scaling of the total width can also be taken as a separate degree of freedom,

κH, instead of being rescaled as a function, κ2
H(κi), of the other scale factors.
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or undetectable decays, the scaling of the total width can also be taken as a separate degree of freedom,

κH, instead of being rescaled as a function, κ2
H(κi), of the other scale factors.
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Production modes
σggH

σSM
ggH

=

{

κ2
g(κb, κt,mH)

κ2
g

(5)

σVBF

σSM
VBF

= κ2
VBF(κW, κZ,mH) (6)

σWH

σSM
WH

= κ2
W (7)

σZH

σSM
ZH

= κ2
Z (8)

σttH

σSM
ttH

= κ2
t (9)

Detectable decay modes

ΓWW(∗)

ΓSM
WW(∗)

= κ2
W (10)

ΓZZ(∗)

ΓSM
ZZ(∗)

= κ2
Z (11)

Γbb

ΓSM

bb

= κ2
b (12)

Γτ−τ+

ΓSM
τ−τ+

= κ2
τ (13)

Γγγ

ΓSM
γγ

=

{

κ2
γ (κb, κt, κτ, κW,mH)

κ2
γ

(14)

ΓZγ

ΓSM
Zγ

=















κ2
(Zγ)(κb, κt, κτ, κW,mH)

κ2
(Zγ)

(15)

Currently undetectable decay modes

Γtt

ΓSM
tt

= κ2
t (16)

Γgg

ΓSM
gg

=











κ2
(H→gg)(κb, κt,mH)

κ2
g

(17)

Γcc

ΓSM
cc

= κ2
t (18)

Γss

ΓSM
ss

= κ2
b (19)

Γµ−µ+

ΓSM
µ−µ+

= κ2
τ (20)

Total width

ΓH

ΓSM
H

=















κ2
H(κi,mH)

κ2
H

(21)

Table 3: Leading order (LO) coupling scale factor relations for Higgs boson cross sections and partial

decay widths relative to the SM as defined in Ref. [25]. For a given mH hypothesis, the smallest set of

degrees of freedom in this framework comprises κW, κZ, κb, κt , and κτ. For partial widths that are not

detectable at the LHC, scaling is performed via proxies chosen among the detectable ones. Additionally,

the loop-induced vertices can be treated as a function of other κi or effectively, through the κg and κγ

degrees of freedom which allow probing for BSM contributions in the loops. Finally, to explore invisible

or undetectable decays, the scaling of the total width can also be taken as a separate degree of freedom,

κH, instead of being rescaled as a function, κ2
H(κi), of the other scale factors.
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Benchmark models
Fully model independent fit is not very informative with current data

‣ Benchmarks proposed by joint theory/experiment LHC XS group

Probe Fermionic vs. Bosonic couplings:
‣ relevant for Type I 2HDM

Probe W vs. Z couplings (custodial symmetry)
‣ note: current benchmark assumes nothing new in ggH and γγH loops!

Probe up. vs. down fermion couplings

Probe quark vs. lepton couplings

Probe new particles in ggH and γγH loops

Probe invisible decays
23

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Refs. [23,

24, 26] for a given Higgs boson mass hypothesis.

The simplest model assumes that all couplings are modified by a single scaling parameter κ. In this

case the fit to the data yields a value of

κ = 1.19 ± 0.11 (stat) ± 0.03 (syst) ± 0.06 (theory)

corresponding to the square root of the global signal strength µ shown in Figure 1.

More refined benchmark models to probe the couplings of the observed Higgs-like particle have been

elaborated in Ref. [3], and references therein, to address specific questions on its nature, under various

assumptions. These assumptions will change depending on the question being discussed.

In the forthcoming subsections the following fundamental questions related to the coupling properties

are addressed. The relative couplings to fermions and bosons are tested in Section 6.1, assuming two

common scale factor for these two sectors. The ratio of couplings to W and Z bosons, related to the

custodial symmetry, is discussed in Section 6.2.1 . The ratio of down to up quark type couplings, that is

very interesting for several extensions of the SM, is discussed in Section 6.2.2. The ratio of couplings to

the lepton and quark sectors is given in Section 6.2.3. The possible effect of beyond SM particles on the

indirect coupling to gluons and photons, that in the SM proceeds via loops and therefore is particularly

sensitive the new physics, is given in Section 6.3.

The main results discussed herein are compared with the results expected from the presence of a

mH=126 GeV Standard Model Higgs boson in the Appendix.

6.1 Couplings to Fermions and Vector Gauge Bosons

This benchmark is an extension of the single parameter µ fit, where a different strength for the fermion

and vector coupling is probed. It assumes that only SM particles contribute to the H→ γγ and gg → H

vertex loops. The fit is performed in two variants, with and without the assumption that the total width of

the Higgs boson is given by the sum of the known SM Higgs boson decay modes (modified in strength

by the appropriate fermion and vector coupling scale factors).

6.1.1 Assuming only SM particles contribute to the total width

The fit parameters are the coupling scale factors κF for all fermions and κV for all vector couplings:

κF = κt = κb = κτ (22)

κV = κW = κZ (23)

Figure 4(a) shows the result of the fit to this benchmark. Only the relative sign between κF and κV

is physical and some sensitivity to this sign is gained from the negative interference between the W-loop

and t-loop in the H→ γγ decay. The fit gives a small preference to the local minimum close the SM

point. The likelihood as a function of κF when κV is profiled and as a function of κV when κF is profiled

is illustrated in Figure 5(a) and Figure 5(b) respectively. Figure 5(a) shows in particular to what extent

the sign degeneracy is resolved.

The 68% CL intervals of κF and κV when profiling over all other parameters are:

κF ∈ [−1.0,−0.7] ∪ [0.7, 1.3] (24)

κV ∈ [0.9, 1.0] ∪ [1.1, 1.3] (25)

These intervals combine all experimental and theoretical systematic uncertainties. The 95% confidence

intervals are

κF ∈ [−1.5,−0.5] ∪ [0.5, 1.7] (26)

κV ∈ [0.7, 1.4] (27)
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Information Geometry / Experimental Design
For a given experiment, there is a natural parametrization of the theory where the 
expected error ellipses are all unit circles ⇒ a metric on the original parameters

For couplings, the metric tensor for any theory can be written in terms of 
‣ a (singular) matrix representing experimental information, and 
‣ a Jacobian that depends only on the theory

In example below the likelihood contour 
is reconstructed by following geodesics 
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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Probing invisible decays

Here total width modified by:
‣ uses effective coupling for ggH and γγH loops
‣ everything else is SM-like (namely VBF production)

Disfavors large BR to invisible 
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic

14

As BR(inv) increases, κg must increase
As κg → ∞ B(gg)→ B(gg)SM ~10%
Thus BR(inv) < 1-B(gg)SM
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Figure 15: The 2D likelihood scan for kg and kg parameters, assuming that GBSM = 0, i.e. no
new Higgs boson decay modes are open. The cross indicates the best-fit values. The solid,
dashed and dotted contours show the 68%, 95% and 99.7% CL ranges, respectively. The yellow
diamond shows the SM point (kg, kg) = (1, 1). The partial widths associated with the tree-level
production processes and decay modes are assumed to be unaltered (k = 1).
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Figure 16: (Left) The likelihood scan versus BRBSM = GBSM/Gtot. The solid curve is the data and
the dashed line indicates the expected median results in the presence of the SM Higgs boson.
The partial widths associated with the tree-level production processes and decay modes are
assumed to be unaltered (k = 1). (Right) Correlation between kg and BRBSM. The solid, dashed
and dotted contours show the 68%, 95% and 99.7% CL ranges, respectively.
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Results from various fits
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6 Conclusion

An update of the couplings determination of the Higgs-like boson using a data set corresponding to
4.8 fb−1 of pp collision data at

√
s = 7 TeV and 20.7 fb−1 at

√
s = 8 TeV for the three most sensitive

channels H→ γγ, H→ ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν is presented. The combined measurement of
the global signal strength for the final states H→ γγ, H→ ZZ(∗)→ 4", H→WW (∗)→ "ν"ν, H → ττ and
H → bb̄ results in a value of 1.30 ± 0.13 (stat) ± 0.14 (sys) obtained at the mass of 125.5 GeV. The cross
section ratio between vector-boson mediated and gluon (top) initiated Higgs boson production processes
is determined to be µVBF+VH/µggF+tt̄H = 1.2+0.7

−0.5. A determination of µVBF/µggF+tt̄H provides evidence for
VBF production at the 3.1σ level.

The compatibility of the measured yields for the studied channels with the prediction for the SM
Higgs boson is tested under various benchmark assumptions probing salient features of the couplings. A
summary of all coupling scale factor measurements in all benchmark models is shown in Fig. 12. For
the different tested benchmarks the compatibility with the SM Higgs expectation ranges between 5% and
10%; hence, no significant deviation from the SM prediction is observed in any of the fits performed.
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Figure 12: Summary of the coupling scale factor measurements for mH=125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the different benchmark models,
separated by double lines in the Figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence they should not be considered as independent measurements and an overall
χ2-like compatibility test to the SM is not possible.
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Coupling Summary

Several Constraints @ 95% CL
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LHC potential for European Strategy
Bad timing: 
‣ same few months as discovery and first property measurements
‣ limited effort available for these studies
‣ based on simplifications and assumptions about detector, how 

theory uncertainty evolves & systematics will scale with increased 
lumi, etc.

28

LHC tomorrow 

4 

Higgs self  coupling measurements 
feasible only at HL-LHC  
  
!More challenging  environment 
  (<µ> ~ 140):  
 
Major detectors upgrades to cope  
with higher radiation levels, higher  
occupancy and required data rates:  
-Replacement of  critical components,  
-Upgrades to trigger and electronics 

ATLAS and CMS recorded:  ~5 fb-1 at 7 TeV and ~20 fb-1 at 8 TeV 
- Mean number of  interactions per crossing: <µ>~ 20 (35 maximum)  
  ! Physics objects stable against pileup 
 

! LH LHC Goal: the same or better detector performances than the present ones 
 

See talks: 
M. Shapiro ” ATLAS Physics results review” 
G. Dissertori ,”CMS Physics results review” 

E. Meoni (Aspen 2013)
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ATLAS Projections
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2.3. ENERGY FRONTIER PHYSICS AT LHC 25
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Figure 2.10: (a) Expected measurement precision on the signal strength in a selection of chan-
nels for 300 fb�1 and 3000 fb�1. (b) Expected precisions on ratios of Higgs boson partial widths.
In both figures the bars give the expected relative uncertainty for a SM Higgs with mass 125 GeV
(dashed are current theory uncertainty from QCD scale and PDFs). The thin bars show extrap-
olations from current analysis to 300 fb�1, instead of the dedicated studies for VBF channels.

the HL-LHC will provide substantially improved statistical precision for already estab-
lished channels. Furthermore it will also allow crucial rare Higgs boson production and
decay modes to be studied.

Two examples for families of channels that will only become accessible in a quanti-
tative way with the HL-LHC are mentioned here for illustration:

• WH/ZH, H ! �� and ttH, H ! ��. These channels have a low signal rate at
the LHC, but one can expect to observe more than 100 events at the HL-LHC. The
ttH initial state gives the cleanest signal with a signal-to-background ratio (S/B)
of ⇠ 20%. It also provides a measurement of the top-Yukawa coupling, which is
not easily accessible elsewhere. Figure 2.9 (a) shows the expected signal.

• H ! µµ. The S/B of this low-rate channel is only ⇠ 0.2% but the narrow peak
allows one to extract a more than 6 � significant signal for an inclusive measure-
ment, see Fig. 2.9 (b). The exclusive ttH, H ! µµ would yield a clean (S/B > 1)
sample of 30 events providing information on both top- and µ-Yukawa couplings.

An overview of the expected measurement precision on the signal rate in each channel
is given in Fig. 2.10 (a) comparing 300 and 3000 fb�1. It should be stressed that only
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CMS Projections
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2.3. ENERGY FRONTIER PHYSICS AT LHC 23
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Figure 2.7: Ratio of parton luminosities [6] for the production of an object of mass MX ; the lower
group of curves shows the ratio 8 TeV/7 TeV while the upper one shows the ratio 14 TeV/7TeV.
The dash-mode of the curves corresponds to di↵erent parton beams as indicated in the key.

Figure 2.8: (Left) Estimated precision of the signal strength determination for a SM Higgs boson,
from CMS. The projections assume

p
s = 14 TeV and an integrated luminosity of 300 fb�1. They

are shown including the current uncertainties and neglecting the systematic uncertainties from
theory and are compared to the expected uncertainties of the measurement with 10 fb�1 atp

s = 7 and 8 TeV. (Right) Estimated precision on the measurements of the couplings � , V ,
g, b, t, and ⌧ from CMS, for 300 fb�1 at

p
s = 14 TeV. The green line represents the

precision attainable in the case where all systematic uncertainties are kept unchanged (present
knowledge). The red line represents the precision achievable scaling the theoretical uncertainties
by a factor of 1/2, while other systematic uncertainties are scaled by the square root of the
integrated luminosity.

SUSY searches will extend the actual limits for generic squarks and gluinos up
to 2.7 TeV and direct stop/sbottom production to 1.2 TeV. The sensitivity to direct
stop/sbottom production will reach 1.2 TeV and EWKinos might be excluded up to
about 800 GeV. Heavy narrow resonances like Z 0 will be probed up to typical values of
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Status of the current projections
v3 appendix of M. Peskin’s [arXiv:1208.5152] discussing 
European Strategy results
‣ understandable frustration with lack of documentation for these 

projections and poorly understood differences between ATLAS &CMS

What can be done to improve this situation for Snowmass?
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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Higgs self couplings
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S/B = 0.6 and S/sqrt(B)= 2.4   (λ=1) 
 
 

-  What about the potential of  observing or excluding different λ hypothesis? 
 
      Evidence is possible for λ=0 and λ=1, but no significant discrimination allowed 
     ! Combining with another channel with similar sensitivity and with CMS results,  
         feasible a measurement of  the Higgs self  coupling with an accuracy of  ~30% 
 

HH! bb γγ$

14 

0 and λHHH = 2, in order to investigate the potential for observing or excluding the different cases. Yields

of approximately 18 and 6 events are obtained for the λHHH = 0 and λHHH = 2 cases, respectively, which

have cross sections σλ=0 = 71 fb and σλ=2 = 16 fb. Given these signal and background yields, evidence

for Higgs boson pair production is possible in the case where λHHH = 0, and the λHHH = 1 case would

only require a small increase in the selection efficiency for evidence to be claimed. However, the statistics

obtained would not be sufficient to offer significant discrimination between these two cases.

simulated events passing events expected

sample σ×BR (fb) events selection in 3000 fb−1

HH → bbγγ (λHHH = 1) 0.09 1020 42 10.7

HH → bbγγ (λHHH = 0) 0.19 1020 32 17.9

HH → bbγγ (λHHH = 2) 0.04 1230 66 6.4

γγbb 111 3.1 × 104 1 1.1

ZH(Z → bb̄,H → γγ) 0.04 5 × 105 11600 2.8

bbH(H → γγ) 0.124 5 × 104 71 0.5

γγ j j 2 × 103 5 × 105 0.004 0.1

j j j j 1.8 × 108 4.6 × 106 0 0

ttH(H → γγ) 1.71 1.2 × 105 379 13.6

tt (≥ 1 leptonic W decay) 5.0 × 105 1 × 107 74† 1.1

Total Background - - - 19.2

Table 1: Signal and background MC samples for HH → bbγγ. The tt yield marked by † represents the
number of events passing the selection with every electron treated as a photon, before application of the

e → γ fake-rate of 1 × 10−4. Note that the numbers of events passing selection in the 4th column are
without reweighting to 3000 fb−1.

3 HH → bbW+W− channel

The branching ratio of the HH → bbW+W− channel is 25%, which results in 2.6×104 expected events in
3000 fb−1 at 14 TeV. These include all possible W boson decay modes. For this study the semi-leptonic

channel, where one W boson decays hadronically and the second one leptonically, is chosen, and the

electron and muon channels are treated separately.

Events are selected if they contain exactly one lepton with pT > 25 GeV and |η| < 2.5. Events
where a second lepton satisfies the kinematic quality cuts are rejected. In addition, at least 4 jets with

pT > 25 GeV and |η| < 4.5 are required, with at least one of them tagged as a b-jet. Finally, a cut on the
Emiss
T
of 30 GeV and 20 GeV is applied to events with electrons and muons, respectively.

To reconstruct the bbW+W− system the following procedure is applied. First, to reconstruct the

leptonic W boson the longitudinal component of the neutrino 4-momentum, pνz , is determined by solving

the second degree equation given by the mass constraint m(&ν) = m(W):

m2W − m
2
&

2
= E&

√

p2νx + p
2
νy + p

2
νz − p&x pνx − p&y pνy − p&z pνz . (1)

In the case of having two real solutions, the smallest pνz is taken; if no real solution is found, the

event is dropped. Secondly, to reconstruct the bb(= j1 + j2) and W
+W−(= j3 + j4 + Wlep) systems, a

kinematic χ2 fit is done in which the Higgs boson mass is used as a constraint. The jet combination for

3

Final results after full selection: 
 
Large rejection of  γγbb and jjjj , 
ttH dominant and competitive 
 with the signal, followed by ZH 

ATLAS-PHYS-PUB-2013-001 
ATLAS-PHYS-PUB-2013-001
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Figure 3: The mγγ distribution after applying all selections (a). The figure (b) shows the mγγ distribution

when mbb̄ is in the signal region while figure (c) shows the mbb̄ distribution when mγγ is in the signal

region.

7

Consider: A Higgs-like Dilaton
arXiv:1209.3299   (Bellazzini, et. al)

hard to distinguish from a SM Higgs
potential can deviate from quartic
⇒ deviations in self-couplings 
(alternatively, probe 3TeV compositeness scale)

Focus of  channels with larger BR 
or favorable S/B and allowing a  
precision mH measurement of  one of  the 2 Higgs.$
 

Today: 
 bbγγ and bbWW: studied by ATLAS 
 bbbb and bbττ: studied in recent phenomenological papers  
 bbµµ:CMS showed the perspective for bbµµ for a √s = 33 TeV energy upgraded LHC (HE-LHC) 

Interesting channels 
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LHC Higgs decays 

• Because the Higgs interaction with 
matter is theoretically well know, it is in 
general straightforward to compute the 
decay rate into any given mode

• Within the Standard model, to lowest 
order we have : 
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• Quadratic dependence of the decay 
rate on the fermion mass but small 
compared to the Higgs mass

• �H!ff̄/MH ⌧ 1

• For muons the expected branching ratio  
at  MH  = 125 GeV is expected to be 

�H!ff̄ =
Nc

8⇡

MH

v2
m2

f�
3
f

where,

�f = (1� 4m2
f/M

2
H)1/2

BR(H ! µ+µ�) = (2.17± 0.13)⇥ 10�4

4

Channel BR(%) σ x BR (fb) Events @ 14 TeV 
(L=3000 fb-1)  

bb+bb 33.41 11.33 34 k 

bb+WW 24.97 8.36  26 k 

bb+ττ$ 7.36 2.50 7.5 k 

WW+WW 4.67 1.58 4.7 k 

ZZ+bb: 
(ZZ+bb !4l+bb) 

3.09 1.03 3.1 k 
(!13.9) 

ZZ+WW 1.15 0.39 1.2 k 

γγ+bb 0.27 0.09 270 

bb+µµ$ 0.013 0.004 12.8 

Higgs decay BRs 

http://arxiv.org/abs/arXiv:1209.3299
http://arxiv.org/abs/arXiv:1209.3299
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Conclusions
The measurement of Higgs properties is under way
‣ we have a working framework in which to perform these 

measurements
‣ some channels are already transitioning to systematics limited
‣ theoretical uncertainties are a big challenge

Our current projections for LHC potential are quite uncertain
‣ we don’t want to make our physics case on overly optimistic or 

pessimistic projections
● Don’t mis-underestimate how clever we can be with time
● it’s hard to plan on these improvements, when the strategy for achieving 

them is not yet in place.

Higgs coupling measurements in scenario where we observe non-
standard production or decay are also interesting
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